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Abstract

Background Oral and intravenous formulations of cipro-
floxacin have established efficacy and safety profiles in
respiratory infections. A dry powder for inhalation (DPI)
that uses Novartis’ PulmoSphere™ technology has been
developed to deliver high concentrations of ciprofloxacin
to the lung with low systemic exposure using a portable
and convenient passive dry powder inhaler (Novartis’
T-326 inhaler).

Objectives The primary objective was to investigate the
safety and tolerability of ciprofloxacin DPI in healthy
male subjects, with a secondary objective to investigate
the pharmacokinetics of ciprofloxacin after ciprofloxacin
DPI administration.

Methods This was a phase I, single-dose, single-site,
randomized, single-blind, placebo-controlled, crossover
study conducted in the hospital setting. Subjects were
followed up for safety for approximately 2 weeks. Six
healthy male subjects, aged 27-42 years with no history of
pulmonary disease, repeated bronchitis or respiratory
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allergies were enrolled. In randomized order and separated
by a 1-week washout period, subjects inhaled a single dose
of ciprofloxacin DPI 32.5 mg or placebo from the T-326
inhaler. Primary safety parameters included vital signs,
electrocardiogram, laboratory tests, adverse events
and lung function (total specific resistance, thoracic gas
volume and forced expiratory volume in 1 s). Plasma
concentration—time data were used to calculate
pharmacokinetic parameters.

Results Ciprofloxacin DPI was well tolerated with no
clinically relevant adverse effects on lung function. Esti-
mates of lung deposition derived from physiology-based
pharmacokinetic modelling suggest that approximately
40 % of the total dose of ciprofloxacin DPI reached the
trachea/bronchi and alveolar space. Systemic ciprofloxacin
was detected soon after inhalation [peak concentration in
plasma (Cpax) 56.42 pg/L, median time to Cy,x 0.625 h],
but total systemic exposure was minimal (area under the
plasma concentration—time curve 354.4 pg-h/L). Terminal
elimination half-life (9.5 h), apparent total clearance from
plasma after non-intravenous administration (91.7 L/h) and
apparent volume of distribution (1,262 L) data suggest that
elimination from the respiratory tract was prolonged.
Conclusions In healthy subjects, ciprofloxacin DPI was
well tolerated, delivered ciprofloxacin to the lungs and
resulted in minimal systemic exposure, allowing further
investigation of its clinical use for the management of
specific, chronic infections in pulmonary diseases.

1 Background
Pulmonary infections are a frequent and recurrent problem

for patients with chronic respiratory conditions such as
chronic obstructive pulmonary disease (COPD), cystic
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fibrosis (CF) and non-CF bronchiectasis (BE) [1-3].
Chronic infection with Gram-negative bacteria, such as
Haemophilus influenzae, Moraxella catarrhalis and Pseudo-
monas aeruginosa, and the Gram-positive bacterium
Streptococcus pneumoniae is common and is associated
with an increased rate of progressive deterioration of lung
function [1, 3, 4]. The presence of P. aeruginosa is a
significant predictor of morbidity in all three diseases [5, 6].

For more than 30 years, inhaled antibacterials have been
effective in ameliorating chronic pulmonary infections
associated with CF and have contributed to improve patient
survival rates greatly [7]. At present, the options for
inhaled antibacterial treatment for chronic Pseudomonas
infections in patients with CF are nebulized tobramycin,
aztreonam or colistin. In a study of patients with CF,
intermittent tobramycin delivered by a jet nebulizer was
well tolerated, decreased the risk of hospitalization com-
pared with placebo and, after three treatment cycles,
improved pulmonary function and decreased the density of
P. aeruginosa in sputum relative to baseline [8]. In addi-
tion, regular, long-term, nebulized gentamicin has been
shown to be of significant benefit in patients with BE [9]
and has been proposed as a possible treatment option for
exacerbations of COPD [10]; however, at present, no long-
term intermittent antibacterial treatments have been
approved for non-CF BE and COPD.

Use of a nebulizer, although of great value to patients
with chronic infections, requires extended administration
time and bulky equipment that must be maintained,
cleaned and sterilized for infection control, as well as
being expensive and of only limited efficiency [11].
Nebulized tobramycin or colistin for CF is used in repe-
ated cycles of 28 days on drug and 28 days off drug, and
loss of at least some of the gains in lung function is
frequently observed during the drug-free break [8, 12, 13].
In contrast, intermittent pulsed antibacterial therapy in
patients with COPD has been shown to reduce the
likelihood of an exacerbation with no evidence of the
development of resistance [14]. Alternative treatments are,
therefore, being investigated that comprise both different
antibacterials and formulations that can be delivered
more conveniently.

Ciprofloxacin dry powder for inhalation (DPI) has been
developed to combine the convenience of dry powder
inhalation with the advantages of an established fluoro-
quinolone antibacterial with proven bactericidal activity
against the most frequent bacterial respiratory pathogens,
including H. influenzae, S. pneumoniae, M. catarrhalis and
P. aeruginosa [15, 16]. The objective has been to achieve
high concentrations of ciprofloxacin in the lung while
keeping systemic drug exposure low. It is hypothesized that
long-term intermittent therapy with ciprofloxacin DPI
could reduce the bacterial load in pulmonary diseases
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associated with chronic airway infections and contribute to
an improved quality of life for these patients.
Ciprofloxacin DPI uses the zwitterionic salt ciprofloxa-
cin betaine, which has a prolonged terminal elimination
half-life (#,,) when instilled intratracheally as a micronized
suspension compared with ciprofloxacin hydrochloride, the
formulation for oral ciprofloxacin (#,, 13.5 vs <l h,
respectively, in preclinical studies) [17]. The formulation
utilizes Novartis’ PulmoSphere™ technology, in which an
emulsion-based, spray-drying process creates ultra-low-
density sponge-like particles with controlled size, density
and morphology, optimized for pulmonary delivery (mass
median aerodynamic diameters <5 pm) [18-20].
Benchtop studies were conducted to test the efficiency
of product delivery to specific patient populations,
including an assessment of emitted dose of ciprofloxacin at
various flow rates (ranging from 25 to 85 L/min at a con-
stant inhaled volume of 2.0 L) representative of those
achievable by the target patient population [21, 22]. For
each flow rate, 25 replicates were analysed using five
different T-326 inhalers with five capsules per inhaler
(Fig. 1). A ciprofloxacin-specific high-performance liquid
chromatography (HPLC) assay determined the amount of
ciprofloxacin discharged from the T-326 inhaler and the
amount retained in the device and capsule. Visual inspec-
tion of the capsules was also performed to confirm that a
minimal amount of powder remained in the capsules after
inhalation. The predefined threshold for emitted dose was
met at flow rates as low as 30 L/min after one inhalation
and as low as 25 L/min after two inhalations [23]. These

Fig. 1 The T-326 dry powder inhaler, a portable, passive
breath-actuated inhaler, which wuses size 2 hydroxypropyl
methylcellulose capsules
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inspiratory flow rates can be achieved by both paediatric
and adult patients who have significant decreases in
lung function [24].

The primary objective of this study was to determine the
safety and tolerability of ciprofloxacin DPI given as a single
dose to healthy male subjects. The secondary objective was to
investigate the pharmacokinetic properties of ciprofloxacin
delivered by this route, to determine its appropriateness for use
in managing chronic infections in pulmonary conditions.

2 Subjects and Methods

This phase I, randomized, single-blinded, placebo-
controlled, two-fold crossover study in healthy male sub-
jects was conducted at the CRS Clinical Research Services
Mannheim, Germany (CRS-Mannheim; European clinical
trials database reference: 2006-001594-26).

2.1 Study Population

Eligible subjects were aged 18-45 years, with a body mass
index of 18-32 kg/m?, and provided written informed
consent. Study approval was obtained from the Ethics
Committee of the Baden-Wiirttemberg Medical Council,
Stuttgart, Germany. The study was conducted in accor-
dance with the Declaration of Helsinki, the International
Conference on Harmonisation/Good Clinical Practice, the
European Union Directive 2001/20/EC and German drug
law [Arzneimittelgesetz (AMG)].

Main exclusion criteria included history of relevant
organ disease; febrile illness within 1 week prior to study
start; history of pulmonary disease, repeated bronchitis or
allergic reactions of the bronchial/pulmonary system;
history of severe allergies, non-allergic drug reactions or
multiple drug allergies; regular daily consumption of xan-
thine-containing drinks (>1 L) or more than 10 cigarettes;
use of medication within 2 weeks of study start that could
interfere with the investigational product; and relevant
deviation from the normal range in the clinical examination
or in clinical chemistry, haematology, urinalysis,
electrocardiogram (ECG), blood pressure or heart rate.

2.2 Study Drug

Ciprofloxacin DPI (Bayer Pharma AG, Wuppertal, Ger-
many) was administered using Novartis’ T-326 inhalers.
Capsules were filled with ciprofloxacin DPI 32.5 mg
(corresponding to 50 mg dry powder); placebo was
formulated as a 50-mg dry powder for inhalation in iden-
tical capsules (40 mg fill weight).

After randomization, each subject received, under
fasting conditions, a single dose of ciprofloxacin DPI

and a corresponding dose of placebo (or vice versa) after a
washout period of at least 1 week (to allow elimination of
study drug and a safety follow-up after the first dose).
Inhalation instructions were to inhale deeply and com-
fortably for each capsule. Immediately after inhalation,
subjects drank 240 mL of non-sparkling water at room
temperature to wash into the gastrointestinal tract any
powder that did not pass through the glottis during
inhalation and facilitate its absorption there.

2.3 Assessments

Medical history, physical examination and clinical
laboratory tests were performed at screening. Safety
assessments (vital signs, ECG and lung function) were
performed on the day before study start, on the day of study
start prior to inhalation and periodically throughout each
48-h study period. Physical examination, clinical labora-
tory tests and safety assessments were also performed
during the post-study examination. Lung function para-
meters were measured by whole-body plethysmography.
Total specific resistance and thoracic gas volume for an
individual at any time point were each taken to be the mean
value from at least three acceptable manoeuvres. The value
of forced expiratory volumes in 1 s (FEV1), however, was
taken to be the maximum of all the individual’s readings at
that time point because of the dependence of this parameter
upon the cooperation of the subject and the fact that, in
healthy subjects, lung function is not affected by any
pathophysiological effects. Clinical laboratory parameters
(serology, haematology, clinical chemistry, urinalysis,
urine drug screen and alcohol breath test) were evaluated at
the start of the study and at 48 h post dose. Safety and
tolerability were evaluated throughout the study by the
incidence of abnormal findings in safety assessments, lab-
oratory parameters and by assessment of treatment-
emergent adverse events (AEs), which were summarized
using MedDRA version 9.0.

2.4 Pharmacokinetic Analysis

Blood samples were collected pre-dose and at 0.25, 0.5,
0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0, 8.0, 12, 16, 24, 36 and
48 h after study drug administration for assessment of
ciprofloxacin concentrations. Plasma ciprofloxacin con-
centrations were determined by HPLC coupled with a
tandem mass spectrometer. Grepafloxacin was used as the
internal standard and the calibration range of the procedure
was 0.500-200 pg/L. Quality control samples in the
concentration range of 1.50-150 pg/L. were determined,
with an accuracy of 96.4-105 % and a precision of
3.52-6.57 % (n = 7).
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Urine samples were collected pre-dose and over 0-4,
4-8, 8-12, 12-24 and 24-48 h post dose for measurement
of ciprofloxacin concentrations. Concentrations of cipro-
floxacin in urine were determined by HPLC coupled with a
fluorescence detector. Ofloxacin was used as the internal
standard. The calibration range of the procedure was
10.0-1,000 pg/L. Quality control samples in the concen-
tration range 1,000-75,000 pg/L related to non-diluted
urine were determined, with an accuracy of 89.3-92.4 %
and a precision of 1.02-3.56 % (n = 4-5).

Derived primary pharmacokinetic parameters were area
under the plasma concentration—time curve from time zero to
infinity (AUC,,), area under the plasma concentration—time
curve from time zero to the time of last measurable concen-
tration (AUC,g), area under the plasma concentration—time
curve from time zero to 24 h (AUC,,), maximum plasma
concentration (Cyy,y), time to reach Cp,x (fmax), terminal f1,,
cumulative amount of unchanged drug excreted into the urine
(Ae) and mean residence time (MRT). Secondary pharma-
cokinetic parameters were apparent total body clearance of
ciprofloxacin from plasma after non-intravenous administra-
tion (CL/F), apparent volume of distribution during terminal
phase after non-intravenous administration (V,/F), drug con-
centration in plasma 24 h post dose, AUC divided by dose
(AUC/D) and AUC divided by dose per kg body weight
(AUC, ;). Pharmacokinetic analysis of plasma drug con-
centration—time data was performed by model-independent
(compartment-free) analysis using WinNonlin® 4.1a software
(Pharsight Corporation, Mountain View, CA, USA).

2.5 Physiologically Based Pharmacokinetic Model
of Inhaled Administration

A physiologically based pharmacokinetic (PBPK) model of
inhaled administration was developed in-house using the
PKSim® software (Bayer Technology Services GmbH,
Leverkusen, Germany) and was used to estimate total and
regional ciprofloxacin DPI deposition [25]. Physiology-
based, whole-body PBPK models have been developed and
are well suited to assess the influence of individual
physiological variability on the pharmacokinetics of drugs
[26]. Such a model was therefore chosen to describe the
fractions of ciprofloxacin deposited in the oral cavity, tra-
chea and bronchi, and the deep alveolar space.

Mathematically, the model is described by the following
equation:

C(r)

inhalation

= DOSE (fOCC () ora

MC

Hfin[exp(~102) ) @ Cl0 | +r0vC0), )
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where C()iphalation 1S the modelled time—concentration
curve for inhaled drug; foc is the fraction of the dose
that is deposited in the oral cavity and ingested as an oral
dose; frp is the fraction deposited in the trachea and
bronchi, where there is a lack of effective systemic
absorption and mucociliary clearance removes the drug to
the oral cavity so that it is in effect a delayed oral dose; ¢ is
time; Tyc is the half-life of mucociliary clearance
modelled as a first-order process; fary is the fraction of
the dose that is deposited in the deep alveolar space of the
lung, which is modelled as an intravenous (iv) bolus on the
assumption of rapid dissolution and absorption; and C(#)opa
and C(f);, are the previously validated simulated
concentration—time profiles of ciprofloxacin after oral and
iv administration, respectively, normalized to dose (1 mg).
DOSE was set to the dose used in the clinical study

(32.5 mg). The term exp(—ln(Z) ﬁ) ® C(1)

the convolution (®) of the mucociliary clearance process
with the oral absorption profile.

The equation was used to individually fit PBPK
simulation to the observed plasma concentration—time
course of ciprofloxacin for each subject after inhalation of
ciprofloxacin DPI (corrected for body weight in the
iv-based and oral-based simulations). The fit parameters
were the three deposition fractions (foc, frs, faLv) and
Tvc- The resulting fit factors were calculated per
individual, both for each region separately and for the sum
of the three fractions.

oral denotes

2.6 Statistical Analysis

Descriptive statistics were calculated using the SAS®
software package, version 8.2 (SAS Institute Inc., Cary,
NC, USA).

3 Results

Six healthy male subjects aged 27-42 years were recruited
into the study, which took place over the 15-day period
from 31 July to 14 August 2006, with screening on day 0,
dosing on day 3 and day 10, and follow-up on day 14. All
six subjects took a single dose of ciprofloxacin DPI
32.5 mg (corresponding to 50 mg dry powder) and a single
dose of matching placebo, according to the randomly
assigned treatment sequence. Baseline demographic
characteristics are shown in Table 1. None of the subjects
received any concomitant medication during the study, and
study medication was correctly administered in hospital
under the supervision of study personnel. All subjects
completed the study and were included in the safety and
pharmacokinetic analyses.
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Table 1 Subjects’ demographic data at baseline (n = 6)

Parameter Value

Mean age (range), years 32.8 (27-42)
Caucasian, n 6

Male sex, n 6

Mean weight (SD), kg 80.2 (13.3)
Mean height (SD), cm 178.5 (6.2)
Mean BMI (SD), kg/m? 25.1 (3.6)

BMI body mass index, SD standard deviation

3.1 Safety and Tolerability

Transient mild dysgeusia was the only AE reported after
any of the two single inhalational doses of study treatment,
occurring in five subjects (four subjects with ciprofloxacin
DPI, one subject with placebo). These were considered
related to the study drug and this resolved within 30 min in
all cases. No deaths or serious AEs were reported.

There were no laboratory values above the upper limit
of normal that were clinically relevant after administration
of ciprofloxacin DPI and there were no clinically relevant
changes in blood pressure, heart rate or ECG parameters,
including QT and QT interval corrected for heart rate in
any subject.

Lung function parameters remained unchanged in five of
six subjects. One subject experienced a transient marked
reduction in FEV1 values after ciprofloxacin DPI treatment
(FEV1 437 L pre-dose, 2.22 L 15 min post dose and
3.27 L 1 h post dose), without reporting bronchopulmonary
clinical symptoms.

3.2 Pharmacokinetics

After a single dose of ciprofloxacin DPI, systemic cip-
rofloxacin was detected, with the plasma concentration of
ciprofloxacin rising to 30-65 pg/L 15 min after inhala-
tion, then stabilizing before starting to decline 1-1.5 h
post inhalation (Fig. 2) with a terminal 7, of 9.5h
(Fig. 3).

Non-compartmental pharmacokinetic parameters were
calculated from the concentration—time curve (Table 2).
Complete urine collection data sets that allowed
measurement of the amount of ciprofloxacin excreted in
urine were available in two subjects, for whom the
percentage of urinary excretion (%Ae) within 48 h
after inhalation was 21.4 and 269 % of the dose,
respectively.

The modelled regional clearance data (PBPK) sug-
gested that clearance of ciprofloxacin from the bron-
chotracheal tract was slower compared with that from
the oral cavity or alveolar space (Fig. 4). The mean #,
for mucociliary clearance fitted to the PBPK model was
10.8 h. According to the PBPK data, plasma ciproflox-
acin was derived solely from ciprofloxacin deposited in
the bronchotracheal tract by approximately 28 h post
dosing (Fig. 4). Parameters fitted to the model for the
regional deposition of ciprofloxacin are shown as mean
percentages per individual in Fig. 5. The mean deposi-
tion of ciprofloxacin in the trachea/bronchi and alveolar
space was 22.3 and 17.2 % of the total dose, respec-
tively, with moderate inter-subject variability being
observed (Fig. 5). Total ciprofloxacin deposition was
71.3 % of the dose.
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Fig. 3 Geometric mean (SD) 70
plasma concentrations of
ciprofloxacin after a single dose
of ciprofloxacin dry powder for
inhalation 32.5 mg up to 48 h
after administration (n = 6)
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4 Discussion

Ciprofloxacin DPI was well tolerated in healthy subjects. This
phase I trial raised no safety issues related to the mode of
administration of the DPI relative to the safety profile of
systemic ciprofloxacin treatment. AEs due to systemic cip-
rofloxacin did not occur nor would be expected from the low
levels of systemic exposure to ciprofloxacin. Lung function
parameters in healthy subjects remained in general unchan-
ged, with no evidence of clinically relevant broncho-
pulmonary symptoms. The transient decrease in lung function
observed in one study subject did not correlate with clinical
symptoms. Overall, no evidence of local lung irritation or lung
function deterioration was observed with ciprofloxacin DPI in
healthy subjects, a major prerequisite for its long-term use.
Ciprofloxacin DPI is administered rapidly (<1 min) in a
single inhalation using a low-resistance, capsule-based,
portable, passive, dry powder inhaler (Novartis’ T-326
inhaler; Fig. 2). The resistance of the T-326 inhaler is
approximately 0.08 cmH,0"-L/min, which is similar to
other low-resistance devices such as the Aerolizer®
(Merck), Diskus® (GlaxoSmithKline) or Turbuhaler®
(AstraZeneca) [20]. The T-326 inhaler relies on the
patient’s inspiratory effort to fluidize and disperse the
powder [23], and data from other clinical studies have
demonstrated that a minimal residue of ciprofloxacin
remains after inhalation [27]. The rationale for studying
therapy with an inhaled form of ciprofloxacin in patients
with chronic respiratory diseases is to target the delivery of
the drug directly to endobronchial infection areas while
minimizing systemic exposure, which arises from either
absorption across the alveolar epithelium or absorption
from the gastrointestinal tract. Systemic exposure to
ciprofloxacin was substantially lower than that previously
observed with an oral dose of 750 mg ciprofloxacin
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(Cinax 56.42 pg/L, tn.x 0.625 h and AUC 354.4 pg-h/L
compared with Cp.x 2,690 pg/L 2 h after administration
and AUC approximately 15,000 pg-h/L) [28].

In summary, the single dose of ciprofloxacin DPI was
nominally 20 times lower than this oral therapeutic dose of
ciprofloxacin, but the consequent systemic exposure was
nominally 40 times lower [28]. Sputum concentrations of
ciprofloxacin, specifically in the alveoli, were not measured
in this study owing to the invasive nature of the procedure

Table 2 Pharmacokinetic parameters of ciprofloxacin in plasma
after a single dose of ciprofloxacin dry powder for inhalation
(32.5 mg ciprofloxacin; n = 6)

Parameter Geometric mean/%CV Range
Primary pharmacokinetic parameters

AUC,, (ng-h/L) 354.4/30.3 209.7-458.0
Crax (ng/L) 56.42/32.2 30.65-72.84
max (D)* 0.625 0.250-1.500
ty, (h) 9.538/19.7 7.320-12.91
MRT (h) 10.68/14.8 8.823-13.34
Secondary pharmacokinetic parameters

AUC,oim (kg-h/L) 0.8645/41.8 0.4517-1.378
AUC/D (WL x 107% 10.90/30.3 6.453-14.09
V,IF (L) 1,262/33.2 950.7-1,969
CL/F (L/h) 91.71/30.3 70.97-155.0

%CV geometric coefficient of variation, AUC, area under the plasma
concentration—time curve from time zero to infinity after a single dose
of study drug, AUC/D AUC divided by dose (mg), AUC,,,,, AUC
divided by dose per kg body weight, CL/F apparent total clearance
from plasma after non-intravenous administration, C,,,, maximum
plasma concentration, MRT mean residence time, f,, terminal elimi-
nation half-life, #,,,, time to reach maximum drug concentration in
plasma after a single dose, V,/F apparent volume of distribution
during terminal phase after non-intravenous administration

* Median (range)



Ciprofloxacin DPI in Healthy Subjects

425

=
>

2 1004 ® Experimental data

5 —— Simulation (total)

= - -~ - Alveolar space

£ | & Oral cavity

§ % 10 4 Trachea/bronchi

g a

8

Sz

55 14 ) o

% @« N N \.\
s N

‘S TN

g : \ N

% 0.1 r T T — T T

o 0 8 16 24 32 40 48

Time after inhalation (h)

Fig. 4 Physiological pharmacokinetic modelling of the relative
contributions of ciprofloxacin deposited in the oral cavity, alveolar
space and trachea/bronchi to the total plasma concentration after a
single dose of ciprofloxacin dry powder for inhalation 32.5 mg
(n = 6). Lines represent the geometric means of the individual
simulated curves for regional deposition and their summation. The
filled circles show the geometric means of observed concentrations of
ciprofloxacin in plasma

required to obtain induced sputum from healthy individuals
and which would have interfered with the objective to
assess lung tolerability of ciprofloxacin DPI without
potential bias. However, high concentrations of
ciprofloxacin were recorded in induced sputum from adult
patients with CF who received ciprofloxacin DPI 32.5 mg
compared with patients with CF who received oral
ciprofloxacin 500 mg three times daily (Cp.x 33 mg/L and
geometric mean AUC 72.5 mg-h/L compared with Cp,,y
1.01 mg/L 2 h after administration and AUC from time
zero to 8 h (AUCg) 4.86 mg-h/L) [29, 30]. This demon-
strates the potential of ciprofloxacin DPI to deliver the
target drug more efficiently for the treatment of respiratory
infections than orally administered ciprofloxacin [28]. In
addition, the PBPK evaluation of the results of this study
provided further evidence of efficient lung targeting with
ciprofloxacin DPI.

The observed t,, of approximately 9.5 h was higher than
the published values for oral or iv ciprofloxacin (4.11, 5.19
and 4.20 h for 250 mg oral, 750 mg oral and 200 mg iv
doses of ciprofloxacin, respectively, in healthy subjects)
[31, 32], suggesting that rate of absorption is the rate-
limiting step that determines the terminal 7, of the drug in
plasma. The values calculated for CL/F and V,/F of
91.71 L/h and 1,262 L, respectively, were also higher than
those reported in the literature for oral ciprofloxacin
(Table 3). The results of the PBPK modelling are consis-
tent with the possible explanation for this type of
pharmacokinetic profile (i.e. slow and constant mucociliary
clearance of the fraction of ciprofloxacin deposited in the
trachea and bronchi of these healthy subjects—and its
subsequent uptake via the gastrointestinal tract—prolonged
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Fig. 5 Modelled mean percentage (SD) deposition of ciprofloxacin
per subject in the oral cavity, alveolar space, trachea/bronchi and
overall after a single dose of ciprofloxacin dry powder for inhalation
32.5 mg (n = 6)

the #.,). The mean mucociliary clearance #,, that we fitted
to the PBPK model is slightly greater than the terminal
1, calculated from non-compartmental, model-independent
analysis, but similar to that reported in the literature
by Bondesson et al. who demonstrated a pulmonary
elimination t., of 8 h 45 min for (99m)Tc-Nanocoll [35].

Several clinical studies have investigated the pharma-
cokinetic and pharmacodynamic benefits of dry powder
antibacterials for inhalation because these may be more
practical than nebulized liquid antibacterials and the very
short time period required for dosing may improve patient
compliance [19, 36—40]. Dry powder inhalation of colistin
sulfomethate using a Twincer® inhaler (University of
Groningen, Groningen, The Netherlands) was well toler-
ated but did not attain equivalent pulmonary deposition to
liquid nebulization and required optimization of particle
size and internal resistance [37, 38]. Inhalation of dry
powder colistin sulfate proved an attractive alternative to
nebulized colistin, although decreases in pulmonary func-
tion and moderate-to-severe coughing in some patients
after inhalation indicates the need for further improvements
in delivery [41]. Sputum concentrations of gentamicin were
found to be similar after inhalation of dry powder genta-
micin [39, 40] compared with gentamicin inhaled from a
small-volume nebulizer.

A dry powder PulmoSphere™ formulation of tobra-
mycin delivered by the same device as ciprofloxacin DPI
has been well tolerated both in healthy subjects and in
patients with CF, reaching a mean (£SD) C.x of
0.60 = 0.18 pg/mL 1-3 h after administration [19, 36].
Radiolabelling showed that a more consistent and repro-
ducible dose was delivered from this device compared with
a nebulizer, and that a higher percentage of the given dose
was delivered to the lungs per inhalation [19]. Our mod-
elling results suggest that ciprofloxacin DPI benefits from
similar lung targeting. A single dose of ciprofloxacin DPI
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Table 3 Comparison of selected oral, intravenous and inhaled ciprofloxacin pharmacokinetic parameters in healthy subjects [33]

Parameter Oral ciprofloxacin 750 mg [33] Intravenous ciprofloxacin 100 mg [34] Ciprofloxacin DPI 32.5 mg
ty, (h) 5.2 4.0 9.5

VF (L) 321 1517 1,262

CL/F (L/h) 435 43.3% 91.71

CL/F apparent total clearance from plasma after non-intravenous administration, DPI dry powder for inhalation, #,, terminal elimination half-life,
V,/F apparent volume of distribution during terminal phase after non-intravenous administration

* Based on 75 kg body weight

32.5 mg equated to a nominal dose of 7.2 mg of cipro-
floxacin to the trachea/bronchi and 5.6 mg to the alveolar
space. Furthermore, efficient lung targeting with
ciprofloxacin DPI could potentially have therapeutic
advantages over tobramycin dry powder, given the greater
potency of ciprofloxacin compared with tobramycin, as
indicated by clinical minimum inhibitory concentration
(MIC) distribution data [42] and two-fold higher MICs,
(MIC required to inhibit the growth of 50 % of organisms)
values of tobramycin against clinical P. aeruginosa isolates
from patients with CF compared with ciprofloxacin [12].

5 Conclusions

A single dose of ciprofloxacin DPI 32.5 mg was safe and
well tolerated in healthy male adults. Systemic exposure to
ciprofloxacin after a single inhaled dose was considerably
smaller, and 1., clearance and volume of distribution were
greater than values reported in the literature for oral or iv
administration of a therapeutic dose, reflecting effective lung
deposition. Dry powder inhalers, such as the T-326 inhaler
used for dosing ciprofloxacin DPI, are small, handheld
devices that offer improved patient convenience relative to
nebulized antibacterials, giving reduced size, fewer main-
tenance requirements, reduced administration time and room
temperature stability [43]. These results suggest that cipro-
floxacin DPI may provide a new therapeutic option for the
management of patients with chronic pulmonary infections.
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